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Abstract 
Changeability of manufacturing systems is a success factor for industrial enterprises in an increasingly dynamic environment. In this context, 
also utilization of changeability becomes more and more important – and with that continuous planning of reconfigurations of manufacturing 
resources as a concrete implementation example. Such continuous planning activities are highly interrelated to e. g. the manufacturing system 
and relevant influencing factors such as product or technology life cycles. Hence, comprehensive design and improvement of continuous 
planning and the relevant manufacturing environment from a system perspective is a promising approach. This paper introduces a basic 
reconfiguration planning process and combines it with other subsystems to an extended manufacturing system model. The modeling concept is 
based on the approach of structural complexity management. Structural analysis criteria can now be used to obtain comprehensive system 
understanding. Finally, the application of the extended manufacturing system model is exemplarily shown in a case study demonstrating the 
potential for improving continuous reconfiguration planning processes and an extended manufacturing system in general. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the International Scientific Committee of “The 47th CIRP Conference on Manufacturing 
Systems” in the person of the Conference Chair Professor Hoda ElMaraghy. 
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1. Introduction 
Facing frequently changing market requirements and 
product demands changeability of manufacturing systems 
constitutes a competitive advantage for industrial enterprises 
[1,2]. To leverage the changeability efficiently and 
effectively, required reconfigurations of manufacturing 
resources need to be comprehensively planned and 
implemented [3,4]. However, such reconfiguration planning 
requires consideration and understanding not only of affected 
manufacturing resources and processes, but for example also 
of the product and its characteristics as well as relevant 
influencing factors causing reconfigurations (e. g. technical 
changes). To date, models for manufacturing planning 
processes, manufacturing resources or influencing factors 
have been developed. However, a comprehensive model or an 
understanding of an extended manufacturing system – a 
system comprising not only the manufacturing resource, the 
manufacturing process and the product, but also the 
manufacturing planning process and relevant influencing 
factors – are hardly available. Hence, analyses and 
optimization efforts in manufacturing have mainly focused on 
single systems with or without consideration of their 
respective system environment. That means, e. g. a 
manufacturing resource, a manufacturing process or a 
manufacturing planning process have been analyzed and 
improved as separate systems only considering relevant 
influences – but not in terms of a comprehensive system 
covering and combining different elements of the 
aforementioned systems. 
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2. Changeability and Continuous Planning 
Changeability has evolved as a characteristic of factories 
and manufacturing resources to be specifically planned and 
has conceptually been integrated into established factory 
planning methods as a dedicated planning dimension [3,5,6]. 
Once planned and implemented during the initial planning 
phase in the factory life cycle, changeability then becomes 
subject of operational utilization.  
For leveraging changeability efficiently and effectively, 
Westkämper and Zahn [6], Kohler [7], Dashchenko [8] and 
others [9] identified the need for continuous manufacturing 
planning (CMP) – an ongoing planning process for change in 
terms of reconfigurations accompanying factory operations. 
To date, only few papers deal with this topic. 
Azab and ElMaraghy et. al [10] introduced a framework to 
recon-figure manufacturing systems based on a control 
analogy. Other available approaches mainly focus on the 
factory level of production structures regarding evaluation of 
changeability and transformation processes (e. g. [4,11,12]), 
manufacturing resources as a separate factory level are only 
rarely addressed [4,10,13]. Utilizing their changeability by 
reconfigurations [4] has only been studied in terms of discrete 
changes and related structural modifications of the 
manufacturing resource (cf. e. g. [13]). A dedicated 
continuous planning approach for reconfigurations as one 
facet of continuous manufacturing planning applying these 
results is currently not available. Furthermore, a 
comprehensive inclusion of a planning approach as an integral 
part of a factory in operation – i. e. creating an extended 
manufacturing system – has not been considered. 
 Creating such a system by combining approaches for CMP 
and existing manufacturing systems makes planning processes 
and the extended manufacturing system itself accessible for 
system analysis approaches derived from complexity 
management and systems engineering [14]. In this context, 
structural modeling is a powerful approach for analyses and 
evaluation. Applying structural modeling to an extended 
manufacturing system enhances possibilities for identification 
and analysis of e.g. system characteristics and potential 
improvements, as single systems (e.g. the manufacturing 
planning process) can now be analyzed in the comprehensive 
system context [14]. 
Therefore, a continuous planning approach for 
reconfigurations of manufacturing resources has been 
elaborated based on established manufacturing planning 
concepts. Following, an extended manufacturing system 
particularly covering the CMP approach has been developed. 
Finally, a procedure for structural modeling of such systems 
has been defined and applied to the extended manufacturing 
system created. 
3. Continuous manufacturing planning 
 Bullinger et al. [15] and the VDI 5200 [16] defined two 
basic manufacturing planning approaches focusing initial 
factory planning. Similarly, well established approaches are 
provided by e.g. Aggteleky [17], Wiendahl [18] and 
Schmigalla [19], differing mainly regarding depth of detail or 
minor differences in process steps contained. Closely 
following Bullinger et al. [15] and VDI 5200 [16], a 
continuous planning approach for reconfigurations of 
manufacturing resources, hereafter referred to as continuous 
reconfiguration planning (CRP), has been developed (see 
Fig. 1). 
The proposed CRP assumes a planning process 
distinguished in two levels. On the primary level long-term 
information about the manufacturing resources and potential 
reconfigurations is collected and provided (based on e. g. 
[13,20]). Hence, this level depicts the framework and 
backbone of the CRP. The secondary level covers specific 
planning activities. Here, discrete reconfigurations are 
planned on a short-term basis using primary level information. 
At the same time, information about reconfigurations and the 
manufacturing system are submitted to the primary level. 
Thus, the CRP takes advantage of short- and long-term 
planning information through perpetuating and concentrating 
information flow and planning activities.  
 
Based on the structural modeling approach introduced in 
4.2, the assumptions described and the general CRP approach 
will be analyzed and examined in the context of the extended 
manufacturing system. 
4. System thinking in manufacturing planning 
In manufacturing, system thinking [21] is well established 
for e. g. factories and manufacturing resources (cf. e. g. 
[3,22,23]). Also, whole factories including products, 
production processes and general organization have been 
extensively investigated as lean or holistic production systems 
(cf. e. g. [6,24]).  In general, processes have been modeled as 
systems by e. g. Kreimeyer [25] or Eppinger and Browning 
[26]. Nevertheless, manufacturing planning processes have 
not been considered as an element of an extended 
manufacturing system, neither as initial nor as continuous 
planning approaches. However, their consideration enables 
system analysis of planning processes not only as a single 
system but as an element in its respective, comprehensive 
system context. 
Fig. 1. Continuous reconfiguration planning 
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4.1. Extended manufacturing system 
With CRP the planning process becomes integral part of 
the operations phase in the factory life cycle and thus subject 
of system thinking in manufacturing. That means, the CRP 
process can be abstracted as a system itself and considered as 
an element of a thus extended manufacturing system (ExMS). 
Such an ExMS then comprises physically tangible elements, 
physically non-tangible elements and their interrelations. Each 
element may constitute a subsystem with specific elements. 
Together, the system elements determine the composition and 
structure of the overall system. Specifically, the elements 
manufacturing resource, product, manufacturing process, 
cyclic influencing factors and CRP process form the ExMS 
(see Fig. 2).  
 
 
Physically tangible elements 
x Manufacturing resource: machines, devices and 
equipment, which serve the creation of products in 
manufacturing enterprises [27] 
x Product: good produced using manufacturing resources, 
containing elements (e.g. subassemblies, modules) and 
possessing attributes (e.g. geometry, size) 
Physically non-tangible elements 
x Manufacturing process: Process for creating a product 
using manufacturing resources [28] 
x Cyclic influencing factors – influences on elements of the 
manufacturing system causing changes for e. g. 
manufacturing resources (product life cycle, technical 
changes, production technology life cycles) [29]  
x CRP process – continuous planning process for recon-
figurations of manufacturing resources (cf. 3.) 
Wiendahl and ElMaraghy et. al [2] as well as Chrysso-
louris [28] identified the first three main elements of a 
manufacturing system, while Zäh and Reinhart et. al [29] 
proposed cyclic influencing factors as element strongly linked 
to manufacturing systems. The CRP process finally represents 
a new element complementing the manufacturing systems 
with a manufacturing planning perspective and hence creating 
an ExMS. Now, holistic analysis, understanding and 
improvement of the elements in the comprehensive system 
context as well as the overall system becomes possible 
through application of structural modeling approaches. 
4.2. Structural modeling of ExMS 
Structural modeling of ExMS can partly be based on 
already existing system models. For manufacturing resources 
a structural modeling approach has been introduced [30] and 
for cycles a first general model has been developed [20,31]. 
However, a comprehensive model, which includes all 
elements of an ExMS, is not introduced in the literature so far. 
Methods from structural complexity management (StCM) 
offer a possibility for modeling elements from different 
domains and their interrelations. A domain is a superordinate 
class, elements of a certain type can be assigned to. For ExMS 
the domains are “manufacturing resource”, “manufacturing 
process”, “product”, “cyclic influencing factors” and the 
“CRP” process. The domains are interconnected by relations, 
for example “manufacturing processes require manufacturing 
resources”. Furthermore, each domain includes elements 
(nodes) and relations between elements (edges). Subsets, 
equivalent to a matrix, are spanned over relations between 
domains. Therefore, the relations between domains and the 
relations between elements are illustrated in matrix- or graph-
representations in the StCM. 
Three types of matrices have to be differentiated: Design 
Structure Matrices (DSM), Domain Mapping Matrices 
(DMM) and Multiple Domain Matrices (MDM). A DSM 
represents a subset of a single domain, for example the 
relations between different manufacturing processes. A DMM 
[32] represents the mapping of two different domains, e. g. the 
relations between manufacturing resources and manufacturing 
processes for ExMS. An MDM includes at least two domains 
and the affiliated subsets represented by DSMs and DMMs 
[14]. Eppinger & Browning [26] give an extensive overview 
of applications from industry and academia for these matrices. 
The matrix-based representations of a structure can be 
analyzed by different criteria, transferred and also visualized 
in graph representations. 
To set up a model the StCM proposes the following steps: 
First, the considered system is defined and visualized as a 
meta-model to define the domains and their relations (“system 
definition”). Second, further information about nodes and 
edges is acquired to derive the DSM and DMM subsets 
(“information acquisition”). If required, missing subsets can 
be calculated as indirect dependencies by matrix 
multiplication (“deduction of dependencies”). For the 
identification of significant structural attributes an analysis of 
the structure is performed (“structure analysis”). Finally, the 
results are implemented in the step “practical application” to 
derive an improved system [14]. 
The next sections introduce a structural model for an 
exemplary ExMS. The modeling process is based on the 
previously introduced StCM approach. 
Fig. 2. Elements of an extended manufacturing system 
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4.2.1. General system definition of an ExMS 
Fig. 3 shows the MDM meta-model of the ExMS with all 
five domains and their relations. The meta-model of the 
ExMS is suggested as a basis for modeling ExMS. 
 
4.2.2. Information acquisition and deduction of indirect 
dependencies 
Nodes and edges for the MDM of the ExMS depend on the 
considered case. For each of those, the nodes of the respective 
manufacturing resources, processes and product have to be 
included in the specific ExMS model. However, nodes of the 
domain “CRP” remain the same due to its case-independent 
process design (cf. 3.). In principle, the elements of the 
domain “cyclic influencing factors” can be compiled 
specifically for the respective case. As a start, the following 
influences are proposed (in alphabetical order), based on 
previous research results of the research project SFB 768 (cf. 
e. g. [29,33]) and an industrial study conducted at the Institute 
for Machine Tools and Industrial Management (iwb): 
x Employee cycle – development of his/her level of 
qualification for and performance in a job 
x Manufacturing resource life cycle – development of its 
suitability (e.g. of robots, handling devices) for the 
respective production system 
x Politics cycle – occurrence of new regulations for e. g. the 
environment or work safety 
x Production structure life cycle – development of its 
suitability (e. g. of production line, layout) for the 
respective production system 
x Production technology life cycle – development of its 
maturity for specific manufacturing tasks 
x Product life cycle – development of number of units 
produced and revenue 
Missing edges of the MDM need to be determined for the 
respective case study based on e. g. expert interviews, 
literature or by matrix multiplications of already existing 
DSMs. 
4.2.3. Structure analysis and practical application of results 
Depending on the considered case, different analysis 
criteria can be applied. Lindemann et. al [14] and Kreimeyer 
[25] give an extensive overview of potential analysis criteria 
such as triangulation, clustering or calculation of system 
characteristics and feedback loops, of which selected are 
applied in the case study. 
5. Case study 
Applying the structural modeling approach described 
beforehand, an exemplary ExMS has been developed, 
modeled and analyzed. The five domains have been depicted 
as follows: 
x Cyclic influencing factors – influences causing changes 
for the manufacturing system (based on 4.2.2) 
x Product – assembled metal plate and cover 
x CRP – continuous reconfiguration planning process (based 
on chapter 3) 
x Manufacturing resource – robotic assembly cell which 
assembles metal plate and cover plate with four pins 
x Manufacturing process – assembly process for assembling 
metal plate and cover 
For structural modeling (DSM) of the different domains, 
specific approaches have been applied. The models of the 
domains “manufacturing resource” and “cyclic influencing 
factors” have been obtained based on previous research 
conducted within the SFB 768 [30]. The domains 
“manufacturing process” and “product” have been modeled 
for the specific case study and the domain “CRP” is based on 
chapter 3. The relations between the domains in the ExMS 
have been developed based on literature [29,33,34], expert 
interviews and a case study. Together, the models and 
relations (complete MDM model) fully describe the ExMS in 
this case study. 
Application of structural analysis criteria in terms of 
triangulation, calculation of system characteristics, key figure 
and graphical analyses to the ExMS model provides insights 
regarding system understanding and improvement beyond 
available knowledge from analysis of single systems (e. g. of 
system “manufacturing resource” or system “product”). 
Hereinafter, selected results of the case study are presented, 
indicating possibilities and advantages of structural analysis 
of ExMS. 
Specifically, structural analysis (triangulation) shows that 
the domain “cyclic influencing factors” has the highest 
connectivity of all within the ExMS. In descending order the 
domain is followed by the domains “product”, “CRP”, 
“manufacturing resource” and “manufacturing process”, 
indicating the high relevance of cyclic influences within the 
ExMS regarding changes. The triangulated MDM of the 
ExMS can now be partitioned into single domain matrices for 
further analysis. 
Exemplarily, the domain “cyclic influencing factors” is 
shown in Fig. 4. Within the matrix, crosses indicate influences 
between the respective cycles. Using structural analysis 
(triangulation, system characteristics), the politics cycle is 
identified as element with highest connectivity. Besides that, 
the production technology cycle is detected as most relevant 
element within the domain due to different feedback loops 
with other cyclic influencing factors (crosses below the matrix 
diagonal). In Fig. 4 these loops are indicated by bold crosses. 
Fig.3. Meta-model of the extended manufacturing system (ExMS) 
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Fig. 5. Strength based graph of the ExMS 
Hence, an appropriate sequence for the evaluation of cyclic 
influences during latter reconfiguration planning activities can 
be derived with structural analysis. Using this sequence 
minimizes loops and hence required planning activities within 
the ExMS. 
 
 
Similarly, results for the domains “product” and 
“manufacturing resource” indicate sequences for 
consideration of features or characteristics of these domains 
within the ExMS (e.g. the elements “product size” and 
“material” are more important than actual “product 
components”). Nevertheless, results always have to be cross-
checked carefully regarding validity and applicability because 
after triangulation resulting sequences of elements might 
potentially contradict actually possible ones. 
Key-figure analysis offers further information about ExMS 
design regarding improved efficiency and effectiveness. 
Based on criticality [14] and an ABC-analysis [35], most 
critical elements within the ExMS – almost exclusively 
manufacturing resource elements – are identified. These 
results indicate that planning activities in the CRP can be 
focused on the most critical system elements (components of 
the manufacturing resource). That means, planning scope and 
effort can be greatly reduced as only selected parts of the 
manufacturing resource have to be considered to cover most 
related influences and dependencies potentially causing 
changes. 
Complementing key figure with graphical analysis, 
recommendations for the CRP structure can also be derived. 
Results confirm and support the initial two-level setup of the 
CRP. Specifically, low criticality and high passivity [14] of 
the primary CRP level in combination with its localization 
remote from elements of the secondary CRP level (see Fig. 5) 
support a two-level CRP setup from a structural analysis 
perspective. In addition, Fig. 5 indicates a different relevance 
of the cyclic influencing factors for the ExMS. While most 
influences are strongly connected to other components of the 
system, the employee cycle separates due to its low influence. 
Hence, the level of consideration of cyclic influences in the 
ExMS and for CRP needs to be checked carefully in order to 
avoid possibly unreasonable planning efforts.  
Summarizing, creation of ExMS and application of StCM 
(especially triangulation, system characteristics and graphical 
analysis) to an ExMS provides comprehensive insights 
regarding its system design and behavior. Taking into account 
not only single systems (e.g. “manufacturing resource” or 
“CRP”), but all dependencies within and between the systems 
creates a broad information base for analysis and 
improvement of ExMS and continuous reconfiguration 
planning in manufacturing. 
6. Summary and outlook 
Starting from the need for leveraging changeability of 
manufacturing resources, this paper introduces a continuous 
reconfiguration planning approach and presents an analysis 
from a holistic manufacturing system perspective. Therefore, 
an ExMS model has been developed and structurally modeled. 
The system covers five subsystems (domains) – “cyclic 
influencing factors”, “CRP”, “product”, “manufacturing 
resource” and “manufacturing process”. Possibilities and 
advantages of structural modeling for analysis and 
improvement of ExMS are shown based on a meta-model and 
a specific case study. 
The results create the basis for further research regarding 
continuous reconfiguration planning and ExMS. Specifically, 
structural modeling of ExMS can be used to support further 
development of the CRP proposed in this paper and help to 
adjust it in context of industry specific cases. Also, inclusion 
of other processes such as the innovation process, technical 
change processes or strategic technology planning processes 
in the ExMS indicates additional potential for future research.  
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